e cracks are likely to initiate on a lateral loaded pile and would cause greater deflection at the pile head. However, there is a lack of thorough investigation into the effect of cracking on the response of the lateral loaded pile. In this article, a full-scale field test was carried out to investigate the behavior of Drilled and Postgrouted Concrete Pipe Pile under lateral loads. A novel analysis method for the lateral loaded pile, which can take the cracking effects into consideration, was proposed, and the validity was verified by the test results. With the proposed method, the cracking effects on flexural rigidity, displacement, rotation, and bending moment of the pile were studied. In brief, cracking effect would dramatically reduce the flexural rigidity of the pile, remarkable increase the displacement and rotation of the pile top, and slightly decrease bending moment of the pile. Unambiguously, the results show that the proposed method can excellently predict the response of laterally loaded piles under cracking effects.
Introduction
e prestressed high-strength concrete (PHC) pipe piles have been widely used in different kinds of practical projects due to the high bearing capacity, convenience of construction, and cost saving [1, 2] . However, it is difficult, sometimes even impossible, to drive the pile into the soil. In order to solve the problems of pile driving, a novel pile foundation called the Drilled and Postgrouting Concrete Pipe Pile has been developed, which accomplishes the pile sinking by three steps: (1) drilling a hole with the rotary drilling rig; (2) putting the PHC pipe pile into the middle of the hole; and (3) bonding the pipe pile with soil by grouting cement paste into the gap. e pile foundation is usually subject to lateral loads transferred from the structure, such as power transmission towers, bridges, high buildings, and offshore wind turbines. e behavior of laterally loaded piles has been studied by many investigators, and several analytical methods have been developed, including the elastic subgrade reaction approach [3, 4] , the elastic continuum method [5, 6] , the p-y curve method [7] [8] [9] , and the strain wedge model [10] . e major difference among these methods is in the assumptions of pile-soil interaction. e lateral response of the pile, in all of these methods, is predicted by solving the differential equation of pile deformation, and the pile was usually treated as an elastic beam [11] [12] [13] [14] . However, as for the Drilled and Postgrouted Concrete Pipe Pile, cracks are prone to initiate in both grout layer and PHC pipe pile [15] . In this case, the elastic beam assumption may lead to deviations. e effect of cracks on the behavior of the lateral loaded pile has been investigated by many researchers, and several analysis methods have been proposed [16] [17] [18] . According to the results of field tests and finite element analysis, Comodromos et al. [16] pointed out that the behavior of the lateral loaded pile, especially the lateral displacement, would be significantly affected by the reduction of flexural rigidity caused by the cracking effects. Based on the p-y curve method, Reese [17] proposed an approach to consider the cracking effects. In this approach, the pile flexural rigidity is treated as a function of bending moment and updated during calculation. However, if the pile flexural rigidity decreases sharply, the finite difference method adopted in this approach would cause unreasonable results. To solve this problem, Reese [17] employs an approximate function to replace the actual relationship of flexural rigidity and bending moment, and the accuracy is reduced. Xu et al. [18] improved Reese's approach by adopting the modified strain wedge model to calculate the subgrade reaction modulus and the finite element method to solve the pile deflection. However, the modified strain wedge model used in Xu's approach is much more complex than the p-y curve method, which causes Xu's approach more computationally expensive. Moreover, the existing research studies mainly focus on the cracking effects of the cast-in-place pile. e Drilled and Postgrouted Concrete Pipe Pile is a novel foundation type and consists of the PHC pipe pile as the core and the grout layer which is formed by the solidification of grout cement paste. e initiation and development of cracks in the Drilled and Postgrouted Concrete Pipe Pile are more complex than in the cast-in-place pile due to the prestress in the PHC pipe pile and the material diversity. erefore, more detailed investigations into the effects that cracking brings to the lateral response of the Drilled and Postgrouted Concrete Pipe Pile are meaningful and necessary.
In this article, a full-scale lateral load test was performed to investigate the behavior of the Drilled and Postgrouted Concrete Pipe Pile. e relationship between flexural rigidity and bending moment was studied with the numerical method, and a novel analysis method that combined onedimension beam finite element with p-y curve was proposed. e validity of the proposed method was verified by the test results. Moreover, the proposed method was compared with the well-known p-y method, and the cracking effects on the lateral response of the Drilled and Postgrouted Concrete Pipe Pile are further discussed.
Lateral Static Load Test of the Drilled and
Postgrouted Concrete Pipe Pile 2.1. Drilled and Postgrouted Concrete Pipe Pile. As shown in Figure 1 (a), the construction processes of the Drilled and Postgrouted Concrete Pipe Pile can be divided into mainly three steps. Firstly, drilling a hole with the rotary drilling rig. e depth of the hole is equal to the embedded length of the pile, and the diameter of the hole is slightly greater than the diameter of the PHC pipe pile. Secondly, putting the PHC pipe pile into the middle of the hole. Finally, grouting the cement paste into the gap between the PHC pipe pile and the hole with the grout device, which is previously installed at the pile tip. After the cement paste is solidified, the grout layer is formed, and the PHC pipe pile is bonded with the soil.
e Drilled and Postgrouted Concrete Pipe Pile is a novel type of pile foundation which combined the PHC pipe pile with the postgrout technology. Its characteristics can be summarized as follows. Firstly, the problems in PHC pipe pile sinking, such as high requirements for the pile driver, damage to the pile body, and difficulties in controlling the verticality of the pile, can be solved by drilling a hole with the rotary drilling rig. Secondly, the failures caused by defects, such as mud inclusion in the cast-in-place pile, can be avoided by putting the PHC pipe pile, which has high member strength, into the middle of the hole. In addition, there are also advantages such as construction time saving, higher degree of mechanization, and less impact on the environment, compared with the cast-in-place pile.
Lateral Static Load Test.
e outline situation of lateral load test is presented in Figure 2 . e pile length below and above the ground surface is 13.5 m and 0.5 m, respectively. e outer and inner diameter of the PHC pipe pile are 0.80 m and 0.54 m, respectively. In the PHC pipe pile, 15 steel bars, with diameter of 12.6 mm and yield strength of 1420 MPa, are arrayed in a circle of 0.69 m in diameter. e concrete used in the PHC pipe pile is of grade C80 and with an effective prestress of 6.0 MPa. e grout layer is formed by the solidification of grout cement paste, and its outer and inner diameter is 1.00 m and 0.80 m, respectively. e proportion of the cement paste is listed as follows: water : cement : water-reducing agent : expanding agent � 32.5% : 59.5% : 7.1% : 0.6%. And cuboid specimens with 40 mm, 40 mm, and 160 mm in length, width, and high, respectively, were obtained for compression and flexural tests. e test results show that the compression and flexural strength of the cement paste cured for 28 days are 47.0 MPa and 11.1 MPa, respectively.
Two auger borings were advanced in the vicinity of the pile after lateral load test, and the soil samples were collected for detailed site investigation and accurate determination of the soil parameter. To diminish the impact of sampling disturbance on the soil properties and the analysis results, the soil samples used in the soil tests were obtained with the open thin-wall sampler whose inner wall was lubricated [19] . e soil investigation shows that the cement layer, soft clay layer, and mucky soil layer are existing at the depth of 0.0-0.9 m, 0.9-4.0 m, and 4.0-13.5 m, respectively. Before lateral load test, the cement layer within 0.5 m from the edge of the pile was dug away, and the soft clay was backfilled in order to diminish the influence of the cement layer. e parameters of soft clay and mucky soil are listed in Table 1 . e comparison between the calculated results and the field test results, as described in the next section, shows that the influence of sampling disturbance on the properties of soil and analysis results is negligible. e displacement at the ground surface was determined by the average value of three dial indicators installed near the ground surface. e displacement of the pile top was also measured with another dial indicator installed at the pile top, which is 0.5 m higher than the ground surface. And the rotation of the pile top was determined by the difference between the displacement at the ground surface and the pile top. e lateral load was applied up to 420 kN by increments of 30 kN at the position near the ground surface. Each load increment was hold on for two hours before recording the displacement and applying the next increment.
Analysis of Test
Results. Firstly, ignoring the cracking effects on the pile and treating the pile as an elastic beam, then the behavior of the laterally loaded pile can be governed by the following fourth-order ordinary differential equation: Deviatoric stress (MPa) Advances in Materials Science and Engineering
where EI is the flexural rigidity of the pile, y is the lateral displacement at depth of z, and p(y) is the soil resistance which can be determined by the p-y curves. e flexural rigidity of the Drilled and Postgrouted Concrete Pipe Pile, which is contributed by the grout layer and the PHC pipe pile, can be calculated as follows:
where E g and E c are the elasticity modulus of concrete of the grout layer and the PHC pipe pile, respectively; E s is the elasticity modulus of the steel bar; D is the outer diameter of the grout layer; D p and D i are the outer and inner diameter of the PHC pipe pile, respectively; n is the number of steel bar; A si is the section area of the steel bar I; and y i is the distance from the steel bar i to the neutral axis. As for soft clay and mucky soil, the most widely employed p-y curves are the one that proposed by Matlock [7] , which can be expressed by following formulas:
in which y c � 0.25ε 50 D and p u � min(p u1 , p u2 ); D is the diameter of the pile, and ε 50 is the strain which occurs at onehalf of the maximum stress on a laboratory stress-strain curves; p u1 and p u2 are the ultimate soil resistance corresponding to the wedge and the flow-round failure mode, respectively. Due to the existing of the cement layer at the depth of 0.0-0.9 m, it is impossible for wedge failure to occur. Hence, the ultimate soil resistance is determined by the flowround failure mode, and the value of 9cD is proposed by Matlock [7] , where c is the undrained shear strength. ε 50 and the undrained shear strength c can be obtained from the stress-axis strain curves in Figure 2 , which are 0.0021 and 30 kPa, respectively, for the soft clay and 0.0015 and 20 kPa, respectively, for the mucky soil. e lateral displacement at the ground surface and rotation of the pile top at different loads were calculated by equation (1) and the p-y curves proposed by Matlock [7] . e load-displacement curves and load-rotation curves are plotted in Figure 3 , as well as the measured curves.
As shown in Figure 3 (a), the measured displacement at the ground surface increases nonlinearly as the lateral load increases. When the load is less than 150 kN, the displacement calculated by the p-y method is close to the measured value. However, when the lateral load exceeds 150 kN, the displacement calculated by the p-y method is remarkably smaller than the measured value, and the difference increases as the load increases. When the load is 420 kN, the measured displacement is 56.8 mm, which is 52.7% greater than the calculated displacement.
As depicted in Figure 3 (b), the measured rotation of the pile top grows nonlinearly as the lateral load increases, and the growth rate of rotation increases obviously when the load exceeds 270 kN. e calculated rotation of the pile top is less than the measured value dramatically, especially when the load exceeded 270 kN.
e Drilled and Postgrouted Concrete Pipe Pile is composed of the grout layer and the PHC pipe pile, which consist mainly of concrete. Its tensile strength is much lower than the compressive strength. Hence, cracks are prone to initiate in both grout layer and PHC pipe pile. Especially in the grout layer, which is formed by the solidification of grout cement paste and has no prestress, the crack is likely to initiate even when the bending moment is small. e initiation and development of cracks in the grout layer and the PHC pipe pile would reduce the flexural rigidity of the Drilled and Postgrouted Concrete Pipe Pile. However, the cracking effects are ignored in the calculation above, and it maybe the reason why the calculation values of displacement and rotation are lower than the corresponding measured values.
Effect of Cracks on Flexural Rigidity and
Bearing Behavior of the Pile
Effect of Cracks on Flexural Rigidity of the Pile.
Based on the stress-strain relationship of concrete and the steel bar, as well as plane section assumption, Reese [17] proposed an approach to estimating the flexural rigidity of the pile after cracks initiated. Enlightened by that, the effects of cracking on flexural rigidity of the Drilled and Postgrouted Concrete Pipe Pile are analyzed in this section. As shown in Figure 4 , the bending deformation could occur in the pile, and the cracks would initiate at the tensile side when the pile is under lateral load and moment. Taking a pile microsegment with length of dz into consideration, the coordinate system is established and shown in Figure 4 . Assuming that the cracking depth in the grout layer and pipe pile is t 1 and t 2, respectively, and the distance from the neutral axis to the circular axis is h, then the strain caused by the bending deformation can be determined as follows:
where ε b is the strain caused by bending and ρ is the radius of curvature of the pile microsegment.
Taking the effect of prestress, which is existing in the concrete and the steel bar of the PHC pipe pile, into consideration, the total strain can be calculated as follows: 
where σ 0 is the effective prestress in the concrete of the pipe pile; ε(σ 0 ) is the strain of concrete of the pipe pile caused by prestress; A c and A s are the section area of the concrete and the single steel bar of the PHC pipe pile, respectively; and n is the number of steel bar. e normal stress of the pile section can be calculated with the stress-strain curves of materials. As for the concrete of the PHC pipe pile and the grout layer, when it is in compression status, the stress-strain curves recommended by the China Technical Code for design of concrete structures [20] are employed, which divided the stress-strain relationship into ascend and descend. And when it is in the tension status, an elastic model is employed before crack initiation. e stress-strain relationship of concrete of the grout layer and the PHC pipe pile was expressed as equation (6) . Ideal elastoplastic model with a yield strength of 1420 MPa is employed for the steel bars.
where f c is the compressive cylinder strength and m, ε 0 , and ε cu are the test parameters, which can be determined according to the China Technical Code for design of concrete structures [20] . According to the force equilibrium condition of cross section in z direction, the formula can be written as
where S g and S p are the area domain of the grout layer and the concrete of PHC pipe pile in the cross section, respectively. σ g (ε), σ p (ε), and σ s (ε) are stress of the grout layer, concrete of the PHC pipe pile and the steel bar, respectively. Substituting the expression of the stress-strain relationship into equation (7), the distance from the neutral axis to the circular axis h can be calculated with iteration procedures.
If h was determined, the bending moment, corresponding to the given curvature, can be calculated by
where y and y i are the distance from the central axis to the integral point and steel bar i, respectively.
Providing the bending moment-curvature relationship was determined, the flexural rigidity of the pile can be expressed as a function of bending moment as follows:
A computer code has been written based on the above procedures, and the curvature-bending moment curves and moment-EI curves are calculated and plotted in Figure 5 . e parameters employed are listed in Table 2 . Figure 5 (a) shows the relationship between curvature and bending moment. e relationship curve can be divided into four phases. Firstly, phase OAA 1 : before point A, no crack initiates in the grout layer or the PHC pipe pile, and the curvature grows linearly with the increasing of bending moment; when the bending moment has increased to 272.5 kN·m, however, the cracks initiate in the grout layer and the curvature grows from point A to A 1 , without bending moment increasing. Secondly, phase A 1 BB 1 : before point B, the cracks continually develop in the grout layer, while no crack initiates in the PHC pipe pile, and the curvature grows approximately linearly with the increasing of bending moment; when the bending moment has increased to 539.6 kN·m, however, the cracks initiate in the PHC pipe pile and the curvature grows from point B to B 1 , without bending moment increasing. irdly, phase B 1 C: the cracks continually develop in both grout layer and PHC pipe pile, and the curvature grows nonlinearly with the increasing of bending moment. Fourthly, phase CD: when the bending moment has increased to 979.7 kN·m, the yield starts to occur in the steel bars, and the curvatures sharply increase with small increasing of bending moment, which means the plastic hinge is formed.
As shown in Figure 5 (b), when the bending moment is less than 272.5 kN·m, no crack initiates, and the flexural rigidity remains constant (phase OA). However, when the bending moment has increased to 272.5 kN·m, the cracks in the grout layer start to arise, and the flexural rigidity decreases sharply without bending moment increasing (phase AA 1 ). After that, the flexural rigidity gradually decreases with the development of cracks in the grout layer (phase A 1 B). When the bending moment has increased to 536.9 kN·m, the cracks initiate in the PHC pipe pile, and the flexural rigidity decreases sharply again. However, the increasing lever arm of steel bars, due to the development of cracks and neutral axis shifting, makes the reduction rate of flexural rigidity to decrease with the moment increasing at phase BC. Finally, when the bending moment has exceeded 979.7 kN·m, the steel bars start to yield, and the rate of flexural rigidity reduction increases again at phase CD.
Proposed Method.
e bending moment of the pile, caused by lateral loading at the pile head, varies with depth, and the initiation of cracks in the grout layer and the PHC pipe pile vary with depth also. Hence, the flexural rigidity varies along the length direction, and equation (1) is no longer suitable in this case.
When the flexural rigidity varies along the length direction, the following equation can be obtained from the force analysis of pure bending beam assumption:
where M(z), EI and y are the bending moment, flexural rigidity, and lateral displacement of the pile at the depth of z, respectively. ough this equation is derived by pure bending beam assumption, it is also suitable for the laterally loaded pile, providing the ratios of the length to diameter are greater than 5 because the effect of shear force on the pile deformation, in that condition, is tiny and negligible [21] . 6 Advances in Materials Science and Engineering Differentiating both sides of equation (10) twice with respect to z and introducing the boundary conditions in, we obtain
where p(y) is the soil resistance function, which can be determined by p-y curves. EI is the flexural rigidity of the pile, which is related to the initiation and development of cracks. EI can be treated as a function of depth, under each given load condition. If we treat the function of EI as a constant, the first-and second-order differential of EI are both equal to zero, and equation (11) converts to equation (1) .
Equation (11) is a fourth-order nonlinear differential equation and can be solved by the finite difference method or finite element method. However, the finite difference method would lead to unreasonable results when the flexural rigidity decreases sharply due to the initiation of cracks. In this article, the finite element method with one-dimension beam theory is employed to solve equation (11) . e flexural rigidity of each beam element should be updated before each iteration according to the moment calculated by the previous iteration and the moment-flexural rigidity relationship. Figure 6 shows the analysis process of the proposed method. Firstly, an appropriate p-y curve is determined according to the soil profile, and the value of maximum load H max and load increment dH are given. Secondly, solve equation (11) for the lateral displacement y i , bending moment M i , and soil resistance P i . irdly, judge whether the results have satisfied the converge condition or not. If not, update the flexural rigidity of each beam element and solve equation (11) again. If satisfied, apply another load increment and repeat the above processes until the applied load has reached the maximum load.
Verification of the Proposed Method and Analysis of Cracking Effects on the Response of the Pile.
e displacement at the ground surface and rotation of the pile top are calculated by the proposed method and the p-y method, respectively. e cracking effect is counted in the proposed method but disregarded in the p-y method. e calculated results of two methods are compared and plotted in Figure 7 , as well as the field test results.
As depicted in Figure 7 (a), the displacement calculated by the proposed method is much more close to the measured value, comparing with that computed by the p-y method. When the lateral load is less than 150 kN, the displacement calculated by two methods is almost the same, and both are close to the measured displacement. When the lateral load exceeds 150 kN and is less than 270 kN, the displacement calculated by the proposed method is slightly greater than the p-y method. However, when the lateral load exceeded 270 kN, the displacement calculated by the proposed method is apparently greater than the p-y method and much more close to the measured displacement. e conclusion can be drawn that the cracking effects would lead to a greater displacement at the ground, and the proposed method is able to accurately predict the displacement of the Drilled and Postgrouting Concrete Pipe Pile undergoing cracking. e rotation of the pile top calculated by the proposed method is much more close to the measured value, comparing with the value by the p-y method. As shown in Figure 7 (b), when the lateral load is less than 150 kN, the rotation calculated by two methods is almost the same when the lateral load is less than 150 kN. However, when the load exceeds 150 kN, the rotation calculated by the proposed method is larger than that by the p-y method, and the difference increases as the load increases. However, when the load has exceeded 270 kN, the rotation of the pile top calculated by the proposed method increases rapidly with load increasing and shows good consistency with measured value. e maximum bending moment of the pile at different loads were computed by the proposed method, as well as the p-y method, and the results are plotted in Figure 8 . As shown in the load-maximum bending moment curve calculated by the proposed method, the lateral load corresponding to the bending moment of 272.5 kN·m and 539.6 kN·m is 156.6 kN and 286.0 kN, respectively, which means the cracks start to initiate in grout and the PHC pipe pile when the lateral load is 156.6 kN and 286.0 kN, respectively.
Before cracks initiated and the load is less than 156.6 kN, the maximum bending moment of two methods was exactly the same. e cracks in the grout layer have tiny influence on the maximum bending moment. When the load is equal to 270 kN and cracks initiated in the grout layer only, for instance, the maximum bending moment computed by the proposed method, which is 509.6 kN·m, is just 3.8% smaller than the value computed by the p-y method, which is 529.5 kN·m. However, the cracks in the PHC pipe pile have much more significant influence on the maximum bending moment. When the load is equal to 420 kN and cracks initiated in the PHC pipe pile, for instance, the maximum bending moment computed by the proposed method, which is 769.7 kN·m, is 12.0% smaller than by the traditional p-y method, which is 874.3 kN·m. e flexural rigidity of the pile at 150 kN, 270 kN, and 420 kN is plotted in Figure 9 . When the load is 150 kN, the flexural rigidity remains constant along the depth, which means no cracks have initiated. When the load is 270 kN, however, the flexural rigidity of the pile at the depth of 1.25-8.20 m is lower than the initial flexural rigidity by 24.3%-34.7%, which means the cracks have initiated in the grout layer at that depth range. When the load is 420 kN, the flexural rigidity of the pile at the depth of 0.73-1.68 m and 7.28-9.28 m is lower than the initial flexural rigidity by 24.3%-39.6%, and the flexural rigidity of the pile at the depth of 1.68-7.28 m is lower than the initial flexural rigidity by 52.0%-83.6%. It means that the cracks in the grout layer and the PHC pipe pile have initiated at the depth of 0.73-9.28 m and 1.68-7.28 m, respectively, when the load is 420 kN. e detail bending moment of the pile calculated by two methods is plotted in Figure 10 . Before the cracks initiated and the load is 150 kN, there are no difference between the bending moment calculated by two methods. However, when the cracks have initiated in the grout layer only and the load is 270 kN, the bending moment calculated by the proposed method is slightly smaller than the p-y method. After the cracks had initiated in both grout layer and PHC pipe pile and the load is 420 kN, the bending moment calculated by the proposed method was apparently smaller than the p-y method. Moreover, the depth of maximum bending moment calculated by the proposed method was shallower than the p-y method after the cracks had initiated. e cracking effects in the grout layer and the PHC pipe pile can not only reduce the bending moment but also shallow the depth of maximum bending moment. e displacement of the pile at different depths calculated with and without counting cracking effects is plotted in Figure 11 . Before cracks initiated in the grout layer or the PHC pipe pile and the load is 150 kN, there is no difference between the displacement calculated by two methods. When the load is 270 kN, the flexural rigidity reduction at the depth of 1.25-8.20 m, due to the cracking effects in the grout layer, leads to greater pile curvature at that depth range, greater displacement at the ground surface, and smaller displacement at the pile tip. When the load is 420 kN, the cracks have initiated in both grout layer and PHC pipe pile, and the influence of cracking on the displacement is much greater. In a word, the cracking effects will lead to greater displacement at the ground surface and smaller displacement at the pile tip, and the influence of cracking in the PHC pipe pile is more significant than cracks in the grout layer.
Conclusions
A full-scale lateral load test on the Drilled and Postgrouted Concrete Pipe Pile was carried out to investigate its bearing characteristics. e law of flexural rigidity variety due to cracking effects was studied with the numerical method. A novel analysis method which can take the cracking effects into consideration was proposed. e validity of the proposed method was verified by the test results. Moreover, the cracking effects on the lateral response of the Drilled and Postgrouted Concrete Pipe Pile were discussed. Based on the test and analysis results, the following conclusions were reached:
(1) e cracks in the grout layer initiate at relatively low load level, which is 156.6 kN in this case, and the cracks in the PHC pipe pile initiate at higher load level, which is 286.0 kN in this case, due to the prestress. e depth range, where cracks initiated, expands as the load increases. When the lateral load increases up to 420 kN, the cracks initiate at the depth of 0.73-9.28 m and 1.68∼7.28 m in the grout layer and the pipe pile, respectively. 
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